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1?1? ??
1.1 ????
??????? 21%??????????????????????????????
?????????????????????? [1]?????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????
???????????????????????????????–????????
?????? (brain-computer interface; BCI) [2]??????????????????
????????????????????????????????BCI???????
????????????????????????? (event-related potential; ERP)?
??? BCI????? ERP-based BCI????ERP-based BCI???????????
?????????????????????? ERP?????????? 300???
???????????????? P300???????P300??? ERP???? BCI
(P300-based BCI?????)????????????????????? [3]?
?????????????????????????????????BCI????
??????????????????? BCI???????????????????
????????????????????????????????????????
BCI competition III data set II?????ERP-based BCI??????????????
????????????? [4]??????????????????????????
????????????????????????? ERP?????????????
??????????????????????????????????? ERP-based
BCI????????????????????????????
2 ? 1???
1.2 ??????
?????? Rakotomamonjy??????????? [4]????????????
?????????????????????????????????
• ??????????????????????????????????????
???
• ??????????????????????????????????????
? BCI competition III data set II??????????????????????
??????
???????????????????????????????????????
ERP-based BCI???????????????????????
1.3 ??????????
???????????????????????????????????????
??????????? ERP-based BCI??????????????????????
????????????? 1,000?????????????????????????
?????????????????????????????????????????
• ??????????????????????????????????????
??????????????????????????????????????
??????????
• ???????????? 3??????? 900???????????????
????????????8,000?????????????????????
1.4 ????
????? 5???????????????????????????
? 2??? BCI????????????????????BCI??????????
????????????????????????????????????????
??????BCI????????????????????????????????
1.4 ???? 3
????????????????????????? BCI?????????????
??????????????????????????
? 3?????????????????????? BCI??????????????
????????????????????????????????????????
????????????????????????????????????????
???
? 4?????????????? BCI?????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????? 3???????????????????????
?????????????????
? 5???????????????????????????

5?2? ????–??????????
????
2.1 ????–?????????????? (BCI)??
???????????????????????????????????????
????????????????????????????????????????
?–?????????????? (brain-computer interface; BCI)??????????
????????????????????????????????????????
???????????????????????????? (???????)????
????????????????????????????????????????
?????????????????????BCI?????????????????
????????????????????????????????????????
????
BCI?? 2.1?????????????????????????????? BCI?
????????????????????????????????????????
????????????????????????????????????????
?????????? BCI????
BCI?????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? BCI???
????????????????????????????????????????
??????????????????????????????? (amyotrophic lateral
sclerosis; ALS)???? BCI???????????????????????????
? BCI?????????????BCI??????????????????????
???? (quality of life; QOL)????????????????????????
6 ? 2?????–??????????????
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? 2.1: BCI???????
??????????????????????????????????
???????????????????????? BCI????????
??????????????????????????????????
??????????????????????
2.2 ??????????????
BCI??????????????????????????????????????
??????? [5]?????????????????????????????????
?????????? (intracranial EEG; IC-EEG)????????? (electrocorticogram;
ECoG)?????????????????????????????????????
????????????????? (scalp EEG)?????????????????
?????????????????? (EEG)???????????????????
???????????????????????????????????????
??????????????????????????????????????? [6]
?? [7]? ECoG????????????????????????????????
????????????????????????????????????????
????????????????????????????????? BCI?????
2.3 ?????????? 7
?????
?????????????????????????????????????–??
????????? (brain-machine interface; BMI)?????????????????
???????????????????? BCI??????????????????
?????????? [5]?????????????????????????????
??????? BMI???? BCI????????????????????????
????????????????????????????????????????
BCI??????????????????????? BCI??????????
2.3 ??????????
???????????????????????????????????????
???????????? [8]???????????????????????????
????????????????????????????????????????
???????????????? [9]???????????????????????
????????????????????????????????????????
? 2??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????
2.3.1 ??
?? (electroencephalography; EEG)??????????????????????
?????? [8]?????????????????????????????????
???? (? 10−2s[9])??????????????????????????????
????? (? 10mm[9])?BCI??????????????????????????
??????????? [10]???????????????????????????
????????????????????
BCI?????????????? g.USBamp (Guger Technologies OEG, Austria)??
?????? (??? [11])?g.USBamp? BCI??????????????? (software
development kit, SDK)??????????????????????????????
???????????????????MATLAB/Simulink????????????
8 ? 2?????–??????????????
???? (Toolbox)???????????????????????????????
????????????????????????128??????????????
????????? ActiveTwo (BioSemi, Netherland)???????? (??? [12])?
??????? BCI???????????????????????????????
???????? BCI??????? SDK?????????????????BNC?
??A/D????????????????????????????????????
??????????MATLAB/Simulink? Data Acquisition Toolbox???????
????
???BCI???????????????????????????????MindSet
(Neurosky, Inc., USA)? EPOC (Emotiv Systems, Australia)?????? 1???10?
????????????????????? BCI?????????????? [13]?
??????????? SDK????????????????????? BCI???
?????????????????MindSet???????????????????
???????????EPOC??????????????????????????
?????????????????????????????????????????
??????????????????????????????? [14]???????
????????????????????????????????????????
????????????????????????????????????????
???
2.3.2 ?????????
????????? (functional magnetic resonance imaging; fMRI)????????
????????????????????????????????????????
????????????????????????????????????????
??????fMRI??????????? (? 1?10mm[9])????????????
????????????????????????????????????????
?????????????????????????????? (? 101s[9])?
fMRI? BCI??????????????? BCI?????????????????
? fMRI?????????? [15]???????? fMRI??????????????
?? BCI (fMIR-BCI)?????????????????????Sitaram?? fMRI-BCI
?????????????????????????????????????????
????? [16]??????????????? (pixel)????????fMRI? 3??
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??????????????????????????? (voxel)???????fMRI
????????????????????????????????????????
????????????????????????????????????????
???
2.3.3 ???
??? (magnetoencephalography; MEG)????????????????????
?? SQUID??????????????????????????????????
??? [8]?MEG???????????????????????? (? 10−2s[9])??
?????????????????????????? (? 10mm[9])?
MEG? EEG?????????????????????????????????
EEG????MEG??????? 3???? [9]?
• ??????????????????EEG?????????????????
???MEG????????????????????????????????
?????????????
• ???????????????EEG?????????????????????
??????????????MEG??????????????????????
• ????????????EEG????????????????????????
?????????????????MEG???????????????MEG
???????????????????????????
BCI?????????? EEG???????????????? EEG????MEG
???????MEG???????????????????????????????
?????MEG???? BCI???????? [17]?
2.3.4 ???????
??????? (near-infrared spectroscopy; NIRS)???? 700nm?900nm????
????????????????????????????????????????
??????????? [8]????????????????????????????
??????????? (? 101s[9])????????????????????????
(? 10?100mm[9])???????????????????????fMRI? PET???
10 ? 2?????–??????????????
????????????????????????????????? [18]?????
???????????????????????????????????????
???NIRS? BCI?????????????????NIRS??????????
???????????????????????????????????NIRS??
????????????OEG-16 (Spectratech Inc., Japan)?????????????
??????????????????OEG-16??????????NIRS-BCI???
????????? [19]???NIRS???????????????????????
????????? BCI???????? [20]???????????????????
? BCI????NIRS????????????????
2.3.5 ??????
?????? (positron emission tomography; PET)?????????C11?N13?C15?
F18??????????????????????????????????? (???
?)????????????????? [8]????????????????????
???????????????????????????? 2???????????
?????????? (? 103s[9])???? PET??????????????????
? (? 1?10mm[9])????????? (??)???????????????????
????????????????????????????????????????
??????????????????????????
2.4 ?????
???????????????????????????????????????
??2.3.1????????????????????????????????????
??? BCI???????????????????????????? BCI?????
??????????????????????????????
2.4.1 ??????
????????????? 2?????????????????????????
(μV)??????????????????? [21]?????????????????
????????????????????????????????????????
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? 2.2: 10-20?????????????
??????????????????????????????????
??? 10%??? 20%??????????????????????
????????????????????????????????????????
? 10-20???? [21](? 2.2)???????????????????????????
100%??????? 10%??? 20%????????????????????????
????????????? 100%??????? 10%??? 20%??????????
? 2?????????????????????????? 10%??? 20%?????
????????? 10%??? 20%????????????????????????
????
?????????????????????????????????????????
? (frontal pole)???? (frontal)???? (temporal)???? (central)???? (parietal)?
??? (occipital)??????? Fp?F?T?C?P?O???????? (auricular)??
A???????????????????????????????????????
12 ? 2?????–??????????????
??????????????????? z????????????????????
1?3?5?7?????????????????????? 2?4?6?8???????
????????????????????????????????????????
???????????????
?????????????10%????????????? 10%???? 10-20 ?
??? [21]?10-20??????? (Fp?F?T?C?P)????10%??????? (an-
terior frontal)???-??? (fronto-central)???-??? (fronto-temporal)???-??
? (contro-parietal)???-???? (parieto-occipital)???-??? (temporal-posteriori
temporal)??????? AF?FC?FT?CP?PO?TP???????
2.4.2 ?????
??????????????????????????????????????
[22]??????????????????????????????????????
?????????????????? (reference electrode; REF)??????????
???????????????????? (exploring electrode)??????????
?????????????????
??????????? 2???? [23]?????????????????????
???????????? (? 2.3)?????????????????????????
????????????????????????????????????????
???BCI???????????????????????????????????
?????????????????????? (? 2.4)???????????????
????????????????????????????????????????
?????
???????????????? (ground electrode; GND)????????? 1[22]?
????????????????????????????????????????
????????????????????????????????????????
???????????????????? (??)?????????????????
????????????????????????????????????????
????????????????????? [22]?BCI????? Fz? AFz????
??????????????????? (??? [24, 25])?
1????????????????ActiveTwo ??????????????????????????
2.4 ????? 13
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? 2.3: ?????
??????????????????????????????????
Fp1 −A1?F3 −A1????????????A1????????????
???????????????????A2??????????????
14 ? 2?????–??????????????
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? 2.4: ???????
??????????????????????????????????
??????????????????????Fp1 − F7?F7 − T3 ????
F3 − Fp1??????????????????????????????
?????????
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? 2.5: ????
??????????????????????????????????
??????????????????????????????????
????????????????????
2.4.3 ???????
??????????? (?????)[26]???????????????? 2.5???
???? (cell body, soma)?? (core)????? (dendrite)?????? (myelin sheath)?
?? (axon)????? (axon terminal)???????????????????????
??????????????????????????????????-70mV???
?????????????????????????????–???????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????? 2???????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????Na+?????????????????????
??????????????? (excitatory postsynaptic potential; EPSP)??????
Cl−??????????????????????????? (inhibitory postsynaptic
potential; IPSP)????EPSP??????????????????????????
???????????? 40mV????????????1ms???????????
??? (action potential)????????????????????????? (ﬁre)?
????? (excite)???????????????????????????????
??????????????????
16 ? 2?????–??????????????
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? 2.6: ????
??????????????????????????????????
??????????????????????????????????
?????
???????????????? [21]?????? 6??????????????
???????????? V???????????????????????????
????????????????????????????????????????
??????????????? 1μV???????????????????????
??????????? 1ms????IPSP?????????????????????
???????????????????????? EPSP??????????????
2.5 ?????? BCI??? 17
2.5 ??????BCI???
BCI???????????????????????????????? 3?? BCI
????????
2.5.1 ERP-based BCI
???????????????????????????????????????
??????????????????? (event-related potential; ERP) 2 ??? [21]?
ERP????????????????????ERP????????????????
?????????ERP?????????????????????????????
?????????????????????
ERP??????????????????????????? (paradigm)????
?????? 2 ????????????????????????????????
????????????????????????????????????????
(oddball)???????????????????????????????????
????????????????????? (oddball task)????????????
Squires????????????? [27]?? 2.7??????????????????
???
ERP???? BCI?? 6 × 6?????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????? (target stimulus)?????????????????????
(standard stimulus)???????????????? 600ms????????????
??????????????????????????????? 300ms?????
?????????????? P3003 ????P300??? ERP???????????
????????????????????????????????????????
??????????? P300-based BCI??????????????????????
P300?????????????????? Donchin???????????????
???????????????????????????????P300???? [28]?
??????????????????????? Donchin???? [29]??????
2??????????????????? (evoked potential; EP) ??????????????????
?????????????????????????? [21]?
3????? 3 ??????????? P3 ???????
18 ? 2?????–??????????????
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? 2.7: ???????????
1,000Hz?????? 2,000Hz?????? 2?????????????
?????? (?? p = 0.8)?????????? (?? p = 0.2)?????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
?? 700ms????????????????????????????
?? 300ms???????????? P300??????????????
?????????? [21]???????????
2.5 ?????? BCI??? 19
???ERP??????? P300?????????????????????????
??????????????????? ERP-based BCI[30]????????????
????????????????????????????????? BCI?????
ERP-based BCI?????????
2.5.2 SSVEP-based BCI
?????????? (steady-state visual evoked potential; SSVEP)????????
????????????????? [31]???? 3.5–75Hz????????????
????????????????????????????????????????
????????????????????????????????? SSVEP????
???????????????????????????????Martinez??? 2.8
????????????????????????????????????????
????????????????????????????????? (?? 12Hz??
? 13.3Hz??? 15Hz??? 17Hz??????????????)??????2???
?????? SSVEP????? [32]?
SSVEP-based BCI?????????????????????SSVEP???????
???????????????????????????? (light emitting diode; LED)
??????????? [33]????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????? [34]?????????????????
??????????????????????? [35]?
SSVEP-based BCI????????????????? (fast Fourier transform; FFT)
???????????????? (power spectrum density; PSD)[36]????????
?????????????? (canonical correlation analysis; CCA)[37]???????
????????SSVEP-based BCI??? BCI???????????????????
???????? [38]??????????????????????????????
?????????????????????????????????? [39]?SSVEP
????????????????????????????????????????
?????????????????????????? SSVEP-based BCI??????
?? [40]?
20 ? 2?????–??????????????
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? 2.8: SSVEP-based BCI??????????????????????
?????
?????????????????????????????????
????? SSVEP-based BCI????????????????????
??????????????????????????????????
??????????????????????????????????
??????? 12Hz????????????????????????
??????? 12Hz?????????? 24Hz?36Hz????????
??????????????????????????????????
??????????????????????????????????
???????????????????? [32]???????????
2.6 ????? BCI??? 21
2.5.3 ERD/ERS-based BCI
????????????????????????????????????????
?????????????? (somatosensory motor rhythm; SMR)????????
????????????????????????????????????????
(event-related desynchronization; ERD)?????????????? BCI?????
??????? [41]?????? BCI? ERD-based BCI??????????????
??????? (event-related synchronization; ERS)???????????????
??ERD/ERS-based BCI?????? [42]?????????????????????
BCI (motor-imagery-based BCI)???????? [43]???????? (SMR)????
?????SMR-based BCI?????? [44]?ERD/ERS-based BCI?????????
???? (common spatial pattern; CSP)?????????????????????
?? [45]??????????
2.6 ?????BCI???
BCI?????????????????????????????????????
?????????????????????????????????
2.6.1 ???? BCI???? BCI
BCI???????????????????????????????????????
?????????????????? (self-paced) BCI????????? (asynchronous)
BCI???????????????????????????? (intended control; IC)
??????????? (non-control; NC)?????????????? [46]????
NC????? IC???????????????? (synchronous) BCI????
BCI?????????????? BCI???????????Donchin??????
??? ERP-based BCI???? BCI???????????????????????
??????????????????????????????? [47]???????
????????? BCI????????????????
??????? BCI??????????????? SSVEP???? IC? NC??
???P300 ??????????????????? BCI ??????? [48]????
22 ? 2?????–??????????????
ERD/ERS-based BCI???????? BCI?? IC?NC??????????????
?? SSVEP?????????????????? [49]?
2.6.2 ????????? BCI???? BCI
???? BCI?????????????????????????????????
????? [50]?????????????????????????? (overt attention)
???????????????????????????????? (covert attention)
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???? BCI??????????????????
BCI ???? (dependent) BCI ???? (independent) BCI ???????????
[51]??????? (visual evoked potential; VEP)???? BCI???????????
??????????? BCI?????? [52]???? slow cortical potentials? P300?
????????????????? BCI?????????????? [52]?????
????? BCI???? BCI???????????? BCI????????????
???
??????? BCI???????????????????????????SSVEP-
based BCI?????VEP????????????????????????? [53]?
?? BCI?????????????P300-based BCI??P300???????????
???????????????????????????????P300-based BCI??
????????????????????????????????????????
????????????? [54]?????????????????????????
????????? P300?????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????? P300-based BCI???????? [50]????P300????
SSVEP??????????????????????? BCI???????? [55]??
?????? BCI????????????? BCI?????????????????
?????????????
??
2.6 ????? BCI??? 23
2.6.3 ???
???? BCI??????????BCI?????????????????????
??????? BCI???????????????????????????????
????????????????????????????????????????
?? ERP-based BCI?????????? ERP-based BCI?????????????
????

25
?3? ERP-based BCI???
ERP-based BCI? 2.5.1?????????????? ERP????????????
???????????? ERP?????????????? BCI???????ERP
?????????????????????????? ERP-based BCI???????
?????????????????????????? BCI competition III data set II
????????????????? ERP-based BCI???????? 36??????
????? P300??????????????
3.1 ERP-based BCI????????????
ERP-based BCI?? 3.1?????ERP?????????????????????
????????????????????????????????????????
??????????????????????????????????????
3.2 ?????
ERP-based BCI????????????????????????????????
?????????????????? [57]?????????????????????
????????????????????????????????????????
?? [38]????????????????????????????? ERP?????
???????????????????????????
????????????????????????????????????????
???? [58]??????????????? [59]?????????SSVEP-based BCI
???????????? (LED)??????????? [33]??ERP-based BCI??
LED???????????
?????????????????? ERP-based BCI?????????????
????????????????????????? BCI? [60]??????????
???????????????????? BCI[61]????????????????
26 ? 3? ERP-based BCI???
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? 3.1: ERP-based BCI???
ERP-based BCI????????????????????????????
???????? ERP-based BCI???????????????????
??????????????????????????????????
??????????????????????????????????
?????? [56]?????????????
????????????? [62]?????????????????????????
ERP-based BCI?????????????????????????????????
[63]?
???? P300?????? 3.2?????????????????????????
?????????A?Z??? 1?9???????? 36??????????????
???????? 6? 6?????????????????????????????
??????????????
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? 3.2: ERP-based BCI?????? (P300????)
ERP-based BCI ??????????????????????????
???????????????? 36?????? 6? 6???????
?? BCI????????????????? ERP-based BCI?????
??????????????? P300????????????????
??????????????????????????????????
??????????????????????????????????
?????????????????????? [56]??????????
???
28 ? 3? ERP-based BCI???
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? 3.3: ERP-based BCI???????????????
??????????????????????????????????
???????????????????????????????????
3.3 ???
?????????????????????????????ERP-based BCI???
????? 3.3?????? 10-20???? Fz?Cz?P3?Pz?P4?PO7?Oz?PO8? 8
????????????????????????????????????? [64, 65]?
?????AFz??????????????? (mastoids)?????????????
????? [56]???????????????????????????? [64]???
??? Fpz??????? AFz????? [65]??????
???????????????????????????????????????
????ERP-based BCI?? 0?30Hz??????????????????????
????????????????????????????????????????
?????????????? Townsend?? 0.5?30Hz?? [66]??Akram?? 0.1
?25Hz?? [67]????????????????????????????????
?? 20,000? [64]? 25,000? [56]??????????????????
????????????????????A/D?????????????????
???????????? 256Hz?????????? [64, 65, 66]???? P300???
ERP??????? 30Hz????????????????????????????
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???????
3.4 ???????????
3.4.1 P300????????
P300? Sutton????????? ERP?????? [68]?ERP-based BCI????
??? P300?????????P300??????????? 3.4??????????
?????????????????????????????? 3.5????
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	
















 


μ




? 3.4: ERP-based BCI?????????????
?? BCI competition III data set II???? A?????? (85???)?
Cz????????????????????????????????
???????? 300ms???????????????????????
????????
????????? 2.5.1??????????????? (????)???????
(????)? 2??????????????????????????????????
????????????????????????????????????????
P300??????????????????ERP-based BCI? P300?????????
30 ? 3? ERP-based BCI???
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? 3.5: ERP-based BCI???????????
BCI competition III data set II????A???????????????
??????????????????????? (???)???????
???????????? 300ms???????????????????
???????????????????????????????
??????????????????????????????? 3.2??? P300??
??????????????? 3.6????????????? 100ms???????
????????????????????????????????????????
?????????????????????????????????????????
??????????? 1????????????????????? 12??????
???????? 12????????????? (sequence)??????? (repetition)
???????? ERP-based BCI?? 15?????????????????????
????????? 10??????????????????????????????
2????????????????????????????? 5:1?????????
??????????????????????????? P300??????????
(??? [69])???????? P300???????????????????????
?????
?????? ERP-based BCI??????????????????????????
3.4 ??????????? 31
??????????????? (row column paradigm)??? [66, 71]???????
???????????????????? (single character paradigm)??? [71]??
????????????????????????????????? [66]?????
?????????????? 2??????? [72]?????????????????
32 ? 3? ERP-based BCI???
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? 3.6: ERP-based BCI???????
ERP-based BCI???????????????????????????
??????????????????????????????????
?????????BCI competition III data set II??? [70]??????
??????? 1?2?...?6?????????? 7?8?...?12?????
??????????????????????????????????
??????? 15??????????????????????????
??????????????????????????????????
????????? 0????????????????????????
??????????????????????????????????
????????? 9?????????? 3??????????????
????????? (100ms?)???0????????????????
????? (75ms?)???? ERP???? (? 700ms)????????
(100ms)?????????????? ERP??????????????
????ERP-based BCI???????????????????????
????????????
3.4 ??????????? 33
3.4.2 ????????????
??????????????????????????? [73]?????? 3.2??
? P300???????????????????????????
1. ????? (? 3.2)?????????????????????
2. ??????????????????????????????????????
??????????????????????????????????????
?????????????
3. ???????????????????????
4. ??????????????????????????????
P300???????????? 36??????1???????? 6? 6?? 12???
???????????????? 15??????????? 180? 1????????
???????????????????? 1/6????? 30?????
3.4.3 ERP-based BCI??????
ERP-based BCI?????????????? 3.7???????????? ERP??
?????????????????????????????????????????
??????????????????????????????? I???????
???? 3.2??????????? I ∈ {1, 2, ..., 12}????????????????
????????? n(I) = 12????ERP-based BCI???????????????
?????? 15?????????????????? Ns??????? 1?????
?????????????? Nstim = Ns × n(I)????
??????Nletter????????Nch???????????????Nsample??
????????????????????????? ERP????
Xi, j,n ∈ Nch×Nsample , i ∈ I, j ∈ {1, 2, ...,Ns} ,n ∈ {1, 2, ...,Nletter} (3.1)
????????????????????????????????????????
????????? 3.2????N????????????????????????
?? i? 2?? 9?????????????????????????????
112 ?? ×15 ?????=180 ?
34 ? 3? ERP-based BCI???
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? 3.7: ERP-based BCI?????????
?????????????????? ERP??????????????
??? n?????????????????????? 1???????
??? 4 (4?????)????? ERP????????????????
???????? 700ms? ERP????????????? 1?????
???????? 4?????????????????????????
???????????????? 100ms? ERP???????????
??????????????????????????????????
??????????????????????? x4,1,n ????????
??????????????????????
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3.5 ????????
???????????????????????????????????????
?????????
3.5.1 ???
ERP-based BCI???????? ERP?????????????????????
????????????????????????????????????????
?????????????????/???????????????????????
???ERP-based BCI?????????????? [74, 75]?ERP-based BCI????
??
• ?????????
• ??? (???????????)
• ?????????
• ?????
???????
?????????????????????????? ERP? 500?1,000ms???
??????????? (????)????????????????????????
?????????????????????? 100ms??????????????
ERP??????????????????????? 100ms????????????
????????????????????????????????? ERP?????
????????????
?? ERP-based BCI??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????
36 ? 3? ERP-based BCI???
???????????????????????????????????????
????????????????????????????????????????
?????????????????????????? 4.2.3?????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????? 2????????????????????????
3.5.2 ?????????????
??? ERP-based BCI??????????????? 2?????????????
? 2?????????????ERP-based BCI??????????? (LDA)???
?????????????????????????LDA?????????????
??????????????????? [76]???????????????????
??? [76, 77]??????????? [78]????????????????????
??????? LDA??????
LDA?????????????????????????????????????
???????????????????????????? LDA?????????
?????????????????????????????ERP-based BCI????
????????????????????????????????????????
????????????????????
ERP????? (3.1)?????????????????????????????
?????????????????????????????????Ntl??????
???????? Ntrain = Ntl ×Nstim ????? (3.1)? i, j????
Xtrainn , n = 1, 2, ...,Ntrain (3.2)
????????????????????????????????????????
? Ntrain ?? d???????? xtrainn ∈ d ????????????????? Ln ?
???????????????? y????????? Ny ????????????
?????????????? xtesti, j,n????????????????????????
??????????? xtesti, j,n ??? x????????????? 2???????
y = sgn(xTw + b) (3.3)
3.5 ???????? 37
?????????? x?????????????????????w? b?????
?????????????????????????????????MAP???
??????????????? x????????????????????? y??
??????????? y??????? p(x|y)??????????????????
??????????????????????
??? y??????? p(x|y)?????????????????????????
????
pˆ(x|y) = 1
(2π)d/2 det(Σˆy)1/2
exp
(
−1
2
(
x − μˆy
)T
Σˆ
−1
y
(
x − μˆy
))
(3.4)
????μy, Σy ???????? y????????????????????????
p(y|x)p(x) = p(x|y)p(y) (3.5)
??????????????????????????
log p(y|x) = log p(x|y) + log p(y) − log p(x) (3.6)
??????????? y????????? pˆ(y)?????????????????
????
pˆ(y) =
Ny
Ntrain
(3.7)
???? y??????????? μy?????? Σy???????????????
????????????
μˆy =
1
Ny
∑
n:Ln=y
xtrainn (3.8)
Σˆy =
1
Ny − 1
∑
n:Ln=y
(
xtrainn − μˆy
) (
xtrainn − μˆy
)T
(3.9)
???????????? y????????????????????????
log pˆ(y|x) = log pˆ(x|y) + log pˆ(y) − log pˆ(x)??
= −d
2
log(2π) − 1
2
log
(
det
(
Σˆy
))
?
−1
2
(
x − μˆy
)T
Σˆ
−1
y
(
x − μˆy
)
?
+ logNy − logNtrain − log p(x)
= −1
2
(
x − μˆy
)T
Σˆ
−1
y
(
x − μˆy
)
− 1
2
log
(
det
(
Σˆy
))
?
+ logNy − d2 log(2π) − logNtrain − log p(x) (3.10)
38 ? 3? ERP-based BCI???
??? y????????
C = −d
2
log(2π) − logNtrain − log p(x) (3.11)
???????????????
log pˆ(y|x) = −1
2
(
x − μˆy
)T
Σˆ
−1
y
(
x − μˆy
)
− 1
2
log
(
det
(
Σˆy
))
+ logNy + C (3.12)
????
???????????????????????????????? Nclass ????
Σ1 = Σ2 = ... = ΣNclass = Σ (3.13)
?????????Σ?????? Σˆ?
Σˆ =
Nclass∑
y=1
Ny
Ntrain
Σˆy (3.14)
???????????????????????
log pˆ(y|x) = −1
2
(
x − μˆy
)T
Σˆ
−1 (
x − μˆy
)
− 1
2
log
(
det
(
Σˆ
))
+ logNy + C
= −1
2
{
xTΣˆ
−1
x − 2xTΣˆ−1μˆy + μˆTyΣˆ
−1
μˆy
}
−1
2
log
(
det
(
Σˆ
))
+ logNy + C
= xTΣˆ
−1
μˆy −
1
2
μˆTyΣˆ
−1
μˆy + logNy
−1
2
xTΣˆ
−1
x − 1
2
log
(
det
(
Σˆ
))
+ C (3.15)
????????? y???????
C′ = −1
2
xTΣˆ
−1
x − 1
2
log
(
det
(
Σˆ
))
+ C (3.16)
????????????
log pˆ(y|x) = xTΣˆ−1μˆy −
1
2
μˆTyΣˆ
−1
μˆy + logNy + C
′ (3.17)
????
??????????????? C′ ???????????
FLDA(x, y) = xTΣˆ
−1
μˆy −
1
2
μˆTyΣˆ
−1
μˆy + logNy (3.18)
3.5 ???????? 39
?????????????????????FLDA(x, y)??????????????
??? yˆ???????????????????? 2?????? (Nclass = 2)????
?? FLDA(x, y = 1)? FLDA(x, y = 2)??? 0??????????
FLDA(x, y = 2) − FLDA(x, y = 1)
= xTΣˆ
−1 (
μˆ2 − μˆ1
)
− 1
2
(
μˆT2 Σˆ
−1
μˆ2 − μˆT1 Σˆ
−1
μˆ1
)
+ log
N2
N1
= 0 (3.19)
???????
w = Σˆ
−1 (
μˆ2 − μˆ1
)
(3.20)
b = −1
2
(
μˆT2 Σˆ
−1
μˆ2 − μˆT1 Σˆ
−1
μˆ1
)
+ log
N2
N1
(3.21)
??????????
xTw + b = 0 (3.22)
????????????????????????????????????????
??????????????????????????????? (LDA)????
3.5.3 ????
ERP-based BCI?????????????????????????? LDA???
w???????????????????????????????????????
? [73]???? 2?????????? (3.3)??????????????ERP-based
BCI? 2????????????? 36?????????????????????
n?????????????????? n(I)?????? Ns ??????????
?????????????????????????????
xtesti, j,n, i ∈ I, j ∈ {1, 2, ...,Ns} (3.23)
?????????? LDA???w? xtesti, j,n????????????????????
??????????????????n???????? i??????????
si,n =
Ns∑
j=1
w · xtesti, j,n (3.24)
???????
ERP-based BCI ???????????????????????? (row/column
paradigm)??????????????????????? (single character paradigm)
40 ? 3? ERP-based BCI???
?????? [71]????????????? 6? 6??????? P300???????
? 12????????????????????????? 36???????????
????????????????????????????????????????
????????????????????????????????????????
? [79]???????????????????????????
???????????????????????????????????????
??? i?????????? C = {1, 2, ...6}?????? R = {7, 8, ..., 12}?????n?
?????????????????????????
dn = arg max
c∈C, r∈R
(
sc,n, sr,n
)
(3.25)
????dn? n?????????????????????????????????
?? d = (2, 9)????N?????????????????????????????
???? I???????????????? 1???????????n??????
??????????????????
dn = arg max
i∈I
(
si,n
)
(3.26)
??????????
3.6 ???
?????????????????????????????????? 6 × 6??
??????? P300????????dn = (2, 9)???????????N??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????
???????????????????????????????????????
????????????????????????????????????????
??????????????????????? [80]?ERP-based BCI???????
?????????????????????????????????????????
???????????????????????????????????? [81]?
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3.7 ???
???? ERP-based BCI????????????????????????????
????????????????????????????????????????
ERP-based BCI?????????????????????????????????
?????????????????????????
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?4? ???????????????
???????ERP-based BCI?
?????
???? ERP-based BCI???????????????????????????
(?????????)??????????????????????????????
???????????????????? (overlapped partitioning)????????
????????? ERP-based BCI????????????????????????
???????????? [56]??????????
4.1 ERP-based BCI??????????????????
ERP-based BCI???????????? ERP? LDA?????????????
?????????? BCI???????? LDA?????????????????
???ERP-based BCI??????????????????????? LDA????
?????? LDA (SWLDA)????????????SWLDA? Farwell?????
??? ERP-based BCI?????? [47]????Schalk???? BCI2000??? BCI?
????????????? [82]?????? SWLDA???????BCI2000????
????? (sensorimotor rhythm)????????????????????? (slow
cortical potential; SCP)???????????ERP-based BCI???????????
???????????????????? BCI???????????????????
???? ERP-based BCI??? SWLDA?????????????????????
?? ERP-based BCI???????? SWLDA??????????? (??? [83])?
Krusienski?? ERP-based BCI????????????? [64]??????????
????? (Pearson’s correlation method)?LDA?SWLDA?????????????
? (support vector machine; SVM)?????????? SVM????????????
LDA? SWLDA???????????????????????????? SWLDA
44? 4??????????????????????? ERP-based BCI??????
?????????ERP-based BCI???????????????????????
???ERP-based BCI????????????????????????ERP-based
BCI????? 2????????????????????????????????
?????????????????????????????? ERP-based BCI???
??????????????????????????ERP-based BCI???????
??????????????????????? BCI???????????????
????????????????Blankertz??????? LDA (reguralized LDA)?
???? [84]?Hoﬀmann????????????????????????????
????????????????????????? Bayesian LDA (BLDA)????
? [85, 74]????????????????????????????????????
?????? ERP-based BCI??????????????? [86]?Lotte??????
? (principal component analysis; PCA)??????? (canonical correlation analysis;
CCA)?????????? LDA?????????????????? [87]?Onishi
????????????????????????? [88]?
????????????????????????????????????????
??????Rakotomamonjy?? SVM????????? (ensemble of SVMs)???
?? [4]?Ensemble of SVMs??????? SVM?????? SVM?????????
?????????????????????????????????????????
?????ERP????? BCI?????????????????????? BCI??
???????????????????? BCI competition???????Ensemble
of SVMs ? 2004 ? 12 ??? 2005 ? 5 ??????? BCI competition III data set II
(ERP-based BCI) ???????????????? Ensemble of SVMs ? ERP-based
BCI??????????????????????????????????????
??? [89]??LDA?????? [90]?SWLDA?????? [91]?????????
????????????? BCI?????????????????
???????Rakotomamonjy?????? Ensemble of SVMs?????????
??? ERP-based BCI??????????????????????????????
????????????????????????????????????????
?????????????????????BCI competition III data set II?????
??? ERP? 85????????????????????????? 52? 1 ????
1???????????????????????? 100ms??????????? 75ms ????6 ? 6
?? 12 ??????????????????????????????1 ???? ERP ?????????
???????? 15 ????????????????????????? 2.5s ?????????????
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85???????????????????????????????????????
????????????????????????????????????????
?????????????????
ERP-based BCI ???????????????????????????????
????????????????????????????????????????
????????? Salvaris?? LDA??????? SVM?????????? BCI
competition III data set II? BCI competition II data set IIb (7,560??)??????
?? [92]??????? 6???? SVM???????????????? BCI???
? 16-fold???????????? [93]?Johnson?????????????6,480?
??????????? SWLDA??????????? [91]?Arjona?? 3,024??
?????????? LDA????????????? [90]????????????
????????????????????????Townsend???????????
??? 3,230?????????????????????????????? 4,560?
???????????? [66]?Guger??????????????? 1,125????
?? LDA????? [94]?????????????? ERP-based BCI???????
3,000?????????????BCI competition III data set II???????????
???????????????????? BCI??????????????????
?????????????????????????????? 1,000???????
?????????????? 5????????? (900??)??????????BCI
competition III data set II????????????????? 3? (185.125s)????
???????????????? ERP-based BCI?????????????????
?????????? 900????????????????????????????
????????
???????????????????????????????????????
????????????????????????????????????????
?????????????????? (naive partitioning)?????????????
? (???????)??????? SVM?????????????????????
???????? BCI competition III data set II??????????????????
??????????????????????????????????? ERP?????????????
????????????????????????????????ERP ??????? ERP ??????
? 700ms??????????? (0s) ?????1 ???????????? 1 ???????????=??
??????+(??????+??????)×(??? ×??????-1) +ERP?????+????+????
????=2,500+(100+75)×(12×15-1)+700+0+2,500=37,025ms?????????? 85 ??????????
?? 85 ???? ERP(15,300 ??) ??????? 52 ??????????
46? 4??????????????????????? ERP-based BCI??????
????????????????????????????????????????
????????????????????????????????????????
??????????????85??????? 17????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????Johnson?? SWLDA?
????????????????????????????????????????
???????????????????????????????? [91]??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????
???????????????????????????????????????
??????????? (overlapped partitioning)?????? 3??????? 900?
????????????????????????????????????????
????????????????????????????????????????
?????????
4.2 ????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? 4.1????????
??????????????????????? ERP-based BCI??????? (??
????A)?? BCI competition III data set II (?????? B)???????????
A?B?????????? 900??????8,100?????????????????
?? 900???????????????????????
4.2 ???? 47
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? 4.1: ?????
????????????????????????????? ERP-based
BCI???????????????? ERP-based BCI????????
??? A?????? BCI competition III data set II??????? B?
?????????A?????????????????????? p/q
???????????????? B?????????????????
????????????????p/q?????????? 4.2????
?????? 4.3?????????????? [56]??????????
???
48? 4??????????????????????? ERP-based BCI??????
4.2.1 ??????A:??? ERP-based BCI??????
???
?????????? 10???? 1?? 11????????????????? 22?
?? 28????????? 1??????????????????????????
???????????????????????? ERP-based BCI?????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????
????
???????????? BA1008 (TEAC Co. Ltd., Japan)????????????
???????????? 10-20???? Fz?Cz?P3?Pz?P4?PO7?Oz?PO8???
??? (? 3.3)????????? AFz??????????????????????
????????????????????????????????????????
??0.11-30 Hz???????????????? 25,000?????????????
AIO-163202FX-USB analog I/O unit (CONTEC Co. Ltd., Japan)???????????
??????????????????? 128 Hz?????????????????
?????????MATLAB/Simulink (Mathworks Inc., USA)??????????
????????????
ERP-based BCI???? TFT LCD?????? (HTBTF-24W?24.6????1, 920 ×
1, 080 dpi; Princeton Technology Ltd., Japan)???????????????????
??? 60cm?????????????????????? 3.2??????????
??????? ERP-based BCI??????????????????????????
????????????????????????????????????????
????? 36??? 6 × 6???????????????????? 1???????
????????????
?????????? 3s?????????????????? 100ms???????
??????????????????? 75ms??????????????? 15??
4.2 ???? 49
?????????? 1??? 15?????????????????????????
???? 1s?????????1?????????? 36.025s??? 2?
????? ERP-based BCI??????????????????????????
????????????? 15????????? 5????????????????
???????????????? 10?????? (50???)????????????
????????????????????????????????????????
????????????????????????????????????? 1??
??????????????????????????? 10????????????
?????????? 10????????????????????????????
????????????????????????????????????????
?????????
???
???????????????????????????????????????
??????????? 700ms???? ERP (8????? ×89????)???????
??????????? 100ms??????????????????????????
???????????? ERP??? 3?????????????????43Hz??
????????? (8????? ×30????)??????????????????
???????????????? (240??????)?
p/q?????
???????????????????????????????????????
???BCI competition III data set II????????? 85????????? 100??
????????????????????????????????????????
??????????????????????? 50????????????????
??????????? p/q???????????????????????????
????????????????????????????????????????
??????????????????
p/q????????????????????????????? 1/10??????
???? 4.2????
2???? 3,000ms+(???? 100ms+???? 75ms)×(12?? ×15?????-1)+????? 700ms+??
1,000ms=36,025ms ????
50? 4??????????????????????? ERP-based BCI??????
1. ??????????????????q??? q???????????????
??????????????????????????????????????
??????????????????????????????????????
1??????????????????
2. ????? q????????????????????????? p + 1???
??????????? q???????????????
3. ??????? p???????????????? 1????????????
?????????? q???????????????????????????
????????????????????
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? 4.2: p/q?????
??? q-fold????????????????????????????
?????? p = 1?? q = 10???????????? [56]?????
????????
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4.2.2 ?????? B: BCI competition III data set II
?????
BCI competition III data set II? 2005?????? BCI competition III? ERP-based
BCI ???????????????????????????????? [70]?BCI
competition III data set II????? A?B????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????? 85???????????? 100?????????????????
????? 36??????????????6 × 6?????????????????
??????????????????????????????? 12???????
?????? 12?????????????????? (??)???????????
??????? 15???????????????????? ERP? 15,300?? (12?
? ×15????? ×85??)?????????????? ERP? 18,000?? (12??
×15????? ×100??)?????????? 64????????????????
240Hz????????????????????? (0.1–60Hz)???????????
?????????? 100ms???????? 75ms?????????? 2.5s????
?????? 2.5s?????????1?????????? 37.025s??? 3?
????? BCI competition III data set II????????? B?????????
???
?????? B???????????????????????? 700ms????
ERP (64????? ×168?????)?????????????????? 100ms??
??????????????????????????? ERP??? 18??????
???????????20Hz??????????? (64????? ×14?????)?
3???? 2,500ms+(???? 100ms+???? 75ms)×(12?? ×15?????-1)+????? 700ms+??
2,500ms=37,025ms ????
52? 4??????????????????????? ERP-based BCI??????
????????????????????????????????? (896????
??)?
4.2.3 ????????
????????
??????? 4.3???????????????????????????????
???????????????????????????????? (weak learner)?
?? 4??????????????????????????????Rakotomamonjy
????????????????????????????????????????
????????????????????????????????????????
???????????
??????????????????
??????????????Nc???????????Nc????????????
Rakotomamonjy????????????????????????????????
????????????????????????????? B??????? 15,300?
?????????????????? BCI??????? 1,000???????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????? (overlapped
partitioning)??????
????????????????????????????????????? ERP
??????????????Nc?????????????????????????
??????????????????ν??????? (ν ∈ {1, 2, ...,Nc})??????
Nb??????????????????????????????????? ν???
? Nc ?????????????????? Nc ????????????????
? 4.4?????????????????????????ERP-based BCI????
???? 50???????????????? 5??????????????????
???????????????????? (Nc = 5)????50???? ERP?????
??? 5???????????????????????????? 10???? ERP
4????????????????? (hypothesis) ???????? (??? [95])?
4.2 ???? 53
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? 4.3: ????????
??????????????????????????????????
???????????????????????? (????)?????
??????????????????????????????????
??????????? [56]?????????????
54? 4??????????????????????? ERP-based BCI??????
??? 5 ?????????????????? 3?????????????????
??? (Nb = 3)?1??????? (ν = 1)?????????? 3??????????
???????? 1?????? 1?2?3????????????????? 2???
??? 2?3?4???????? 3?????? 3?4?5??????????? 4???
?????? 4?5???????????????????????? 1???????
??????? 5????? 5?1?2???????????????????????
? 1?5??????????????????????????
ERP-based BCI? ERP??????????????? ERP???????????
????????????????????????????????????????
??ERP-based BCI???????????????????????????????
????????????????????????????????????????
???????????????????? Nc ???????????????
510 ?? ×180 ??=1,800 ???????
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? 4.4: ??????????????????????
??????????????????????????????????
??????????????????????????????????
?????????????????????????? [56]??????
???????
56? 4??????????????????????? ERP-based BCI??????
??????????
k??????????????????????????????????????
????????????????????wk??????? ERP-based BCI????
???????????????? (3.24)?????????????????????
?????????????????????n??????????????????
si,n =
Ns∑
j=1
Nc∑
k=1
wk · xtesti, j,k,n?, i ∈ I (4.1)
?????????????? (3.25)??????????
???????????????????????????
????????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????Nb?
1????????Nc? 1????????????????????????????
????????????????????????????????????????
?????
Nb = Nc ???????????????????????????????????
??????????????????????????????? (? (3.25))?????
????????? K > 0?????????????????
dn = arg max
c∈C, r∈R
(
sc,n, sr,n
)
(4.2)
= arg max
c∈C, r∈R
(
Ksc,n,Ksr,n
)
(4.3)
???Nb = Nc ?????????????????????????????????
????????????????????????????????????????
?????
w = w1 = w2 = ... = wNc (4.4)
?????????????????????????????
xi, j,n = xi, j,1,n = xi, j,2,n = ... = xi, j,Nc,n (4.5)
???????????????? (? (4.1))???????????????
s′i,n = Nc
Ns∑
j=1
w · xtesti, j,n (4.6)
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????????????????????????????
s′′i,n =
Ns∑
j=1
w · xtesti, j,n (4.7)
????Nb = Nc?????????????????????????????????
??????????????????????????
s′i,n =? Ncs
′′
i,n (4.8)
???????Nb = Nc??????????????????????????????
??????????? (4.3)???????????????????????????
???Nc??????Nb????????????????????????????
????????????? (Nb = Nc)??????????????????????
?? (Nb = 1)?????????
???????????????????????????????????????
• ????? (Nc)??????????????????? (Nb )?????????
???????????????????????????
• ??????????????????????????????????????
?????????????????? (Nb )??????????????????
• ???????????????????????????? [96]? ERP-based BCI
??????????????????????????????????????
?????
?????
ERP-based BCI????????????????????????????????
????????????????????????????????????????
???????????????????????? [78]??????????????
????????????????? ERP-based BCI????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????
• ????????
??????????????????????????????????????
58? 4??????????????????????? ERP-based BCI??????
? 6????????????????????????????????????
??? F??????????????? p???????? pin????????
?????????????????????????????????????
?????????????????????????????????????
??F??????????? p???????? pout ????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
???MATLAB? stepwiseﬁt????????????????????? [97]?
???????????????????? [98, 64]??????????????
??????????????????? pin = 0.10?pout = 0.15???? [64]?
• ?????
?????????????????????????????????????
??? [99, 100]??????????????????????????????
??????????????????????????? 1??????????
???? 2???3????????????????? 2?? 3????????
???????????? A?????? 1-140??????????? B???
??? 1-400????????????
4.2.4 ????
?????????????????????????????????????????
????????????????????Nb????????????????????
???????????????????????????????????????????
?LDA (SWLDA)??????? overlapped ensemble of SWLDAs (OSWLDA)????
?? LDA (PCALDA)??????? overlapped ensemble of PCALDAs (OPCALDA)?
?????????? LDA??????? overlapped ensemble of LDAs (OLDA)??
???????
????????????????? 4.1?????????????? 3?????
??????? A (??????? ERP-based BCI ????) ???????? B (BCI
6???????????????????????????????????????ERP-based BCI ??
??????????????????????????????
4.2 ???? 59
competition III data set II)????????????????????????????
??????????????? 4.1?????????????? A????????
?????????? 50????9,000???? ERP-based BCI???????????
????? 1/10?????? 9/10????????????????????? 1/10?
???????? 5????900????9/10????????? 45??? (8,100??)
????????????? B?????? 85????????? 100???????
??????????????????? 5????????????????????
????????????????????????????????????????
???????????????????????????????? 900??????
???????????????? 15,300????????????????
??????A?B???????????????????????????????
????????????????????????? 4.2??? 4.3?????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????Nc > 1?? Nb = 1????????????????
???????????????????????????????????? SWLDA
??????? Johnson?????????????????? [91]????Nc = Nb?
????????????????????? ERP-based BCI????????????
?? SWLDA???????????
?????? A???????????? Ns?????? (?????????PCA?
??)??????????????????????????????Nb???????
????????????????????????????????????????
??????????????? B?????? 2??????????????????
60? 4??????????????????????? ERP-based BCI??????
? 4.1: ?????? A?B????????????????????????????
[56]
?????? A ?????? B
??? 36 36
?? 6 6
?? 6 6
????????? 15 15
?????? (ms) 100 100
?????? (ms) 75 75
???????? (s) 3 2.5
???????? (s) 1 2.5
???? 10 2
???????? 50 ???:85????:100
??? 8 64
????????? (Hz) 128 240
????????? (Hz) 0.11-30 0.1-60
ERP????? (ms) 700 700
??????????????? (ms) ? 100 ? 100
????????? (????) 3 18
????????? (Hz) 43 20
4.2 ???? 61
? 4.2: ??????A??????????????????????????????
?????????? [56]
???? ????? ????? Nc Nb
??????
?????? (??)
1/10?????
5??
(? 900??) 50??
5 1 180
5 2 360
5 3 540
5 4 720
5 5 900
9/10????? 45?? (8,100??) 50??
45 1 180
45 5 900
45 10 1,800
45 15 2,700
45 20 3,600
45 25 4,500
45 30 5,400
45 35 6,300
45 40 7,200
45 45 8,100
62? 4??????????????????????? ERP-based BCI??????
? 4.3: ?????? B??????????????????????????????
?????????? [56]
???? ????? ????? Nc Nb
??????
?????? (??)
??????????
5??
(900??) 100??
5 1 180
5 2 360
5 3 540
5 4 720
5 5 900
??????
85??
(15,300??) 100??
17 1 900
17 2 1,800
17 3 2,700
17 4 3,600
17 5 4,500
17 6 5,400
17 7 6,300
17 8 7,200
17 9 8,100
17 10 9,000
17 11 9,900
17 12 10,800
17 13 11,700
17 14 12,600
17 15 13,500
17 16 14,400
17 17 15,300
4.3 ?? 63
4.3 ??
???? OSWLDA? OPCALDA?OLDA??????? A?B?????????
?????????????? ERP???? 1,000?????????????????
????????????????????????????????????????
????? 1/36???????
4.3.1 1/10??????????????A???
OSWLDA?OPCALDA?OLDA????????Nc = 5????????Nb? 1?
? 5????????????????????? 4.5????Nb = 1????????
???????????????????Nb = Nc ?????????????????
???????????????? 900???????????????????????
????????????????????????????????????????
??????? 4.2????????????? 4.5????????????????
????????????????????? Ns????Nb????????????
???????????Ns??????????????????????????? 7
????????????????????????????????????????
6????????????????????Nb = 1????????????????
???????????????????????OLDA?? Nb = 1????????
?????????????????
? 4.6?? 4.5???? 10???????????????????????????
?????Nb = 3, 4, 5?????????????Nb = 4??????????Ns??
???????????????????????????? OSWLDA? Nb = 4??
3 ≤ Ns ≤ 7???????????????????????????????????
???????????????????? ERP-based BCI?? SWLDA??????
????????????????????????????????????????
????????????????????????????????????????
???????????????OPCALDA?????Nb = 4?? 6 ≤ Ns ≤ 9????
????????????????????????????????????????
?????????????????Nb = 1????????????????????
????OLDA?????????????900??????????????????
??????????????????????
64? 4??????????????????????? ERP-based BCI??????
? 4.4???????????????OSWLDA???? Ns = 5????Nb = 4?
???????? Nb = 1????? 11.2%???Nb = 5????? 4.8%??????
?????????OPCALDA?OLDA?????????????????????
????
??????? Ns??????????????????????????????
?????? Nb ????????????????????????????????
? (F(14, 126) = 166.6, p < 0.01)?????? (F(2, 18) = 614.6, p < 0.01), ?????
(F(4, 36) = 1356, p < 0.01)???????? (?? p < 0.01)??????????????
???????????????????????????? (?? p < 0.01)?Nb = 3?
5??? Nb ??? (?? p < 0.01)??????????
4.3 ?? 65
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? 4.6: ?????? A? 1/10??????????????????
?? [56]?????????????
? 4.4: ??????A???? 1/10?????????OSWLDA?OPCALDA?OLDA
????????????? (%) [56]
??????????????????????????????????????????
??? Nc Nb
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
OSWLDA 5
1 31.2 48.0 60.0 68.4 72.8 75.4 80.8 83.6 86.0 87.4 89.8 91.4 90.0 90.6 91.8
2 37.6 54.8 68.0 74.0 81.4 82.4 87.6 89.8 91.2 92.4 93.8 94.2 94.4 95.2 95.0
3 36.4 57.4 69.4 77.2 82.4 85.0 87.8 90.0 91.4 92.6 94.6 94.6 94.6 95.0 94.8
4 37.2 55.4 71.4 77.6 84.0 85.4 87.6 90.2 92.2 93.6 93.8 94.6 95.0 95.2 95.6
5 35.6 53.6 66.8 74.8 79.2 83.4 85.6 89.4 91.6 93.0 93.0 94.4 94.0 94.2 95.2
OPCALDA 5
1 29.4 44.6 57.6 63.6 71.8 74.6 76.8 80.6 82.6 84.8 87.6 88.0 88.6 88.4 90.6
2 36.6 53.4 66.4 75.0 81.2 84.2 85.6 89.6 90.8 91.0 92.6 92.4 93.8 94.2 95.0
3 38.2 54.4 67.6 75.2 81.6 84.2 87.4 90.4 92.0 91.8 93.2 93.6 94.4 95.6 96.0
4 38.6 55.8 67.8 74.4 82.2 85.8 88.0 91.4 93.0 92.4 94.0 93.6 95.0 95.6 96.0
5 37.8 55.4 68.6 74.8 82.2 85.2 87.4 90.4 92.0 92.4 93.8 94.4 94.8 95.8 95.8
OLDA 5
1 2.6 4.0 3.4 3.8 4.0 4.2 3.2 4.0 4.4 4.6 4.6 5.2 4.6 5.0 5.4
2 25.6 37.0 49.8 56.8 65.2 69.6 75.2 79.8 80.0 82.6 83.6 83.6 85.2 85.4 88.0
3 28.2 43.2 57.8 65.8 72.8 76.4 79.4 82.4 86.2 88.0 89.0 89.4 91.0 91.8 92.8
4 29.2 44.8 59.8 67.8 73.2 78.8 80.8 84.2 86.8 89.6 91.0 90.6 91.8 93.2 94.4
5 28.2 44.4 59.8 67.6 73.2 78.8 80.4 83.4 85.4 89.6 91.0 90.4 91.6 93.2 94.2
4.3 ?? 67
4.3.2 9/10??????????????A???
?????????????????? 4.3.1 ??????????????????
OSWLDA?OPCALDA?OLDA???????? Nc = 45???????? Nb? 1, 5,
10, ..., 45???????????????????? 4.7??????????????
??????? 8,100???????????????????????????????
????????????????????????????????????????
?????????????????????????????? 4.2?????????
4.7????????????????????? Ns ???????Nb ???????
???????9/10????????????????????? 1/10????????
??????????????? 95%????????OSWLDA?? OPCALDA??
??? Nb ??????????????????? 2? 4? Nb ??????????
??OLDA????? Nb = 1???????????????????????
? 4.8? 9/10??????????? OSWLDA?OPCALDA?? OLDA? 10??
??????????????? 4.5???????????????????????
??Nb = 1??????????????????????Nb ???????????
?????Nb = 45?????????????????????????????
????Ns????????????????????????????????????
Nb????????????????????????????????? (F(14, 126) =
135, p < 0.01)?????? (F(2, 18) = 510.9, p < 0.01)?????? (F(9, 81) = 197.9,
p < 0.01)??????????? (???? p < 0.01)????????????????
?????????????????????????? (?? p < 0.05)?Nb = 1, 5, 10, 15
????? (?? p < 0.01)??????????
68? 4??????????????????????? ERP-based BCI??????
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? 4.8: ?????? A? 9/10??????????????????
?? [56]?????????????
70? 4??????????????????????? ERP-based BCI??????
? 4.5: ??????A???? 9/10?????????OSWLDA?OPCALDA?OLDA
????????????? (%) [56]
??????????????????????????????????????????
??? Nc Nb
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
OSWLDA 45
1 40.8 62.6 75.8 81.6 85.0 88.0 90.6 92.6 92.2 93.6 94.0 93.6 93.4 94.0 94.6
5 47.4 67.0 79.0 83.8 88.0 89.4 91.6 94.0 94.6 94.2 94.6 94.8 95.4 95.6 96.0
10 47.2 68.2 80.4 86.2 90.4 90.4 93.2 94.8 95.4 95.4 96.2 96.0 97.0 96.4 96.8
15 47.8 68.6 80.6 85.4 91.4 91.6 94.0 95.4 96.2 96.4 97.0 96.6 97.2 97.8 97.8
20 48.4 68.0 81.2 86.4 91.8 92.8 94.2 96.2 96.0 96.6 97.2 97.2 97.8 97.6 98.2
25 47.8 69.0 81.0 86.2 91.6 92.8 94.6 96.6 96.2 97.0 97.8 97.4 98.4 98.6 98.2
30 47.8 69.2 80.8 85.6 91.0 93.0 94.8 96.4 97.0 96.8 98.2 97.6 98.4 98.6 98.8
35 47.4 68.8 80.0 85.8 91.2 92.8 94.4 96.4 97.2 97.4 98.6 98.0 98.4 98.6 98.8
40 46.2 68.0 79.6 85.0 91.2 92.2 94.8 97.0 97.4 97.2 98.4 98.4 98.4 98.6 98.8
45 43.4 68.2 80.2 86.0 90.2 93.4 95.4 96.4 97.4 97.2 98.2 98.2 98.4 98.6 99.0
OPCALDA 45
1 46.0 63.8 76.6 83.2 87.8 88.8 91.2 92.8 92.6 92.8 93.6 94.2 93.8 94.0 94.2
5 46.0 68.8 78.8 83.8 89.2 90.0 91.2 93.2 94.2 94.2 95.4 95.0 94.6 94.4 95.4
10 46.4 67.6 79.2 84.6 90.0 90.0 92.2 93.4 95.6 95.6 96.0 96.0 95.8 96.4 96.8
15 47.4 68.2 80.0 86.0 90.6 92.0 93.8 95.2 96.2 96.4 96.8 96.8 96.8 97.2 98.0
20 47.0 68.2 80.2 85.4 90.4 93.2 94.2 95.6 96.4 96.6 97.0 97.0 97.4 97.8 98.0
25 47.0 66.6 80.2 85.4 91.0 92.4 93.8 95.6 96.6 97.0 97.4 97.2 97.8 98.2 98.2
30 47.4 67.0 80.6 85.4 91.0 92.2 94.4 95.4 97.0 96.8 97.6 97.4 98.0 98.2 98.6
35 47.0 67.4 80.2 85.4 91.2 92.0 94.0 95.6 97.2 97.2 98.0 97.8 98.0 98.2 98.6
40 46.6 67.0 80.6 85.4 91.4 92.2 94.2 96.0 97.6 97.4 98.4 98.0 98.0 98.2 98.6
45 46.8 67.2 80.4 86.0 91.4 91.8 94.2 96.2 97.4 97.2 98.4 98.0 98.0 98.2 98.6
OLDA 45
1 3.8 3.4 4.4 3.8 2.6 2.8 3.4 2.8 2.6 2.6 2.8 3.6 4.0 4.2 4.2
5 46.6 67.2 79.0 84.4 89.4 90.4 92.2 93.6 94.6 94.6 95.4 95.6 95.2 95.6 96.2
10 47.8 68.4 80.0 84.2 89.8 90.6 93.2 94.6 95.2 95.6 96.8 96.8 96.6 97.0 97.4
15 47.6 68.6 81.8 85.4 90.6 91.8 94.2 95.2 96.0 96.2 96.8 96.8 97.8 97.8 98.6
20 47.2 68.6 81.8 85.6 90.8 92.0 94.4 96.0 96.4 96.8 97.8 97.8 98.4 98.8 99.2
25 46.8 68.2 82.0 86.2 91.2 92.2 94.8 96.4 96.6 97.0 98.0 97.8 98.6 98.8 99.6
30 46.4 67.4 81.8 86.4 91.0 93.0 94.6 96.6 96.8 97.2 98.2 98.2 98.6 98.8 99.4
35 46.4 68.0 81.6 86.8 91.0 93.0 94.6 96.2 97.0 97.6 98.8 98.4 98.6 98.8 99.4
40 46.0 68.0 81.4 86.8 90.8 93.0 94.6 96.4 97.2 97.6 98.8 98.4 98.6 98.6 99.4
45 46.0 68.0 81.0 86.8 90.6 93.0 94.6 96.4 97.2 97.6 98.8 98.6 98.6 98.6 99.4
4.3 ?? 71
4.3.3 ???????????????????????? B???
?????? B???????? 900??? ERP????????????????
?????OSWLDA?OPCALDA?? OLDA??????? 4.6?4.7?4.8?????
???Nc = 5?????Nb? 1?? 5????????????????OSWLDA?
?OPCALDA?????Nb = 4? 5???????????????????????
Ns = 6???? OSWLDA(Nb = 5)???? SWLDA(Nb = 5)?? 15%???????
???????????OPCALDA????? Nb = 5?Ns = 12??????????
(SWLDA)?? 5.5%??????????????????? Nb = 4????????
?????? 4.3.1????????? A? 1/10??????????????????
???OSWLDA??OPCALDA?????Nb ≤ 2?OLDA????????????
???????????
? 4.6: ?????? B??????????????????OSWLDA???????
???? (%) [56]
??????????????????????????????????????????
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
5 1
A 5 3 7 8 9 11 6 7 7 10 8 10 10 7 11
B 5 4 8 9 9 8 7 8 5 9 9 9 11 15 13
?? 5.0 3.5 7.5 8.5 9.0 9.5 6.5 7.5 6.0 9.5 8.5 9.5 10.5 11.0 12.0
5 2
A 6 2 6 9 7 4 6 10 7 9 10 10 10 13 10
B 3 3 3 7 5 5 1 2 1 3 3 1 0 1 0
?? 4.5 2.5 4.5 8.0 6.0 4.5 3.5 6.0 4.0 6.0 6.5 5.5 5.0 7.0 5.0
5 3
A 14 17 24 30 24 33 36 37 40 47 54 56 61 65 67
B 20 23 34 40 49 51 53 49 59 61 65 67 67 72 74
?? 17.0 20.0 29.0 35.0 36.5 42.0 44.5 43.0 49.5 54.0 59.5 61.5 64.0 68.5 70.5
5 4
A 10 24 21 32 28 36 39 43 51 53 57 59 64 63 67
B 18 28 41 44 60 67 62 63 66 68 74 79 81 80 82
?? 14.0 26.0 31.0 38.0 44.0 51.5 50.5 53.0 58.5 60.5 65.5 69.0 72.5 71.5 74.5
5 5
A 3 14 20 26 23 24 31 38 41 53 50 57 53 62 68
B 15 24 36 37 50 49 50 48 49 56 58 61 66 70 71
?? 9.0 19.0 28.0 31.5 36.5 36.5 40.5 43.0 45.0 54.5 54.0 59.0 59.5 66.0 69.5
72? 4??????????????????????? ERP-based BCI??????
? 4.7: ?????? B?????????????????? OPCALDA??????
????? (%) [56]
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
5 1
A 4 7 6 5 6 6 10 8 6 7 4 6 6 4 4
B 4 7 2 4 4 5 3 3 4 6 5 5 4 4 3
?? 4.0 7.0 4.0 4.5 5.0 5.5 6.5 5.5 5.0 6.5 4.5 5.5 5.0 4.0 3.5
5 2
A 0 2 1 1 3 3 3 1 4 4 4 3 3 4 4
B 7 4 1 2 4 3 4 4 6 5 4 4 2 2 2
?? 3.5 3.0 1.0 1.5 3.5 3.0 3.5 2.5 5.0 4.5 4.0 3.5 2.5 3.0 3.0
5 3
A 12 17 22 22 31 36 37 41 47 57 55 60 59 60 65
B 10 24 29 34 39 34 41 39 46 48 53 54 59 61 61
?? 11.0 20.5 25.5 28.0 35.0 35.0 39.0 40.0 46.5 52.5 54.0 57.0 59.0 60.5 63.0
5 4
A 7 17 17 19 30 31 42 41 48 53 56 57 57 62 65
B 11 26 27 33 40 39 46 49 49 49 51 59 63 64 62
?? 9.0 21.5 22.0 26.0 35.0 35.0 44.0 45.0 48.5 51.0 53.5 58.0 60.0 63.0 63.5
5 5
A 7 16 17 18 26 27 36 38 43 48 49 53 53 56 60
B 7 23 25 32 42 40 45 44 50 47 48 52 60 63 60
?? 7.0 19.5 21.0 25.0 34.0 33.5 40.5 41.0 46.5 47.5 48.5 52.5 56.5 59.5 60.0
? 4.8: ?????? B?????????????????? OLDA????????
??? (%) [56]
??????????????????????????????????????????
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
5 1
A 1 3 5 4 2 2 4 5 3 3 2 3 3 5 3
B 6 3 2 3 4 6 6 4 6 4 4 4 8 7 8
?? 3.5 3.0 3.5 3.5 3.0 4.0 5.0 4.5 4.5 3.5 3.0 3.5 5.5 6.0 5.5
5 2
A 3 4 7 4 6 3 2 3 2 2 1 1 2 2 2
B 2 7 6 6 4 6 10 11 7 8 8 10 11 9 11
?? 2.5 5.5 6.5 5.0 5.0 4.5 6.0 7.0 4.5 5.0 4.5 5.5 6.5 5.5 6.5
5 3
A 2 1 0 0 1 2 1 1 1 1 1 1 1 1 1
B 2 3 5 5 4 2 1 4 3 5 3 3 1 1 2
?? 2.0 2.0 2.5 2.5 2.5 2.0 1.0 2.5 2.0 3.0 2.0 2.0 1.0 1.0 1.5
5 4
A 0 1 2 2 3 3 1 1 2 2 2 2 1 4 2
B 2 1 2 2 3 2 3 4 4 4 4 3 3 5 4
?? 1.0 1.0 2.0 2.0 3.0 2.5 2.0 2.5 3.0 3.0 3.0 2.5 2.0 4.5 3.0
5 5
A 7 8 5 8 5 5 6 10 8 6 8 8 7 8 8
B 4 3 4 7 7 6 8 9 11 9 8 8 5 8 6
?? 5.5 5.5 4.5 7.5 6.0 5.5 7.0 9.5 9.5 7.5 8.0 8.0 6.0 8.0 7.0
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4.3.4 ??????????????????????? B???
?????? B? 15,300????? ERP???????????4.3.3???????
?????????OSWLDA?OPCALDA?? OLDA??????? 4.9?4.10?4.11
???????? Nc = 17????? Nb ? 1?? 17????????????????
OSWLDA?OPCALDA?? OLDA???????????????????????
? (Nb = 1)??????????? (Nb = 17)???????????????????
??????????????????? OSWLDA (Ns = 15, Nb = 7, 9, 11)?????
98%?????????? BCI competition III data set II??? [4]?? 1.5%?????
????????OSWLDA???? SWLDA???????????????????
4.3.3?????????????????????????????????????
???????? 4.3.2??????? A?????????????????????
??????????
74? 4??????????????????????? ERP-based BCI??????
? 4.9: ?????? B??????????????OSWLDA???????????
(%) [56]
??????????????????????????????????????????
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
17 1
A 17 28 49 53 60 62 65 72 79 82 83 85 86 91 90
B 45 62 66 70 77 84 87 89 91 93 94 97 96 97 96
?? 31.0 45.0 57.5 61.5 68.5 73.0 76.0 80.5 85.0 87.5 88.5 91.0 91.0 94.0 93.0
17 2
A 19 30 48 59 64 68 75 76 82 86 85 88 91 94 96
B 46 63 67 70 79 87 90 92 91 94 94 97 97 98 98
?? 32.5 46.5 57.5 64.5 71.5 77.5 82.5 84 86.5 90 89.5 92.5 94 96 97.0
17 3
A 21 38 59 62 69 76 81 82 85 85 85 92 93 97 96
B 49 64 69 73 81 86 87 91 93 95 94 95 96 97 97
?? 35.0 51.0 64.0 67.5 75.0 81.0 84.0 86.5 89.0 90.0 89.5 93.5 94.5 97.0 96.5
17 4
A 19 36 54 65 67 71 79 80 81 85 85 90 89 94 96
B 51 64 71 70 80 85 86 91 93 95 94 95 96 94 97
?? 35.0 50.0 62.5 67.5 73.5 78.0 82.5 85.5 87.0 90.0 89.5 92.5 92.5 94.0 96.5
17 5
A 21 37 59 63 64 72 80 79 82 85 87 91 92 94 97
B 49 64 69 71 78 86 87 92 93 95 94 96 96 96 97
?? 35.0 50.5 64.0 67.0 71.0 79.0 83.5 85.5 87.5 90.0 90.5 93.5 94.0 95.0 97.0
17 6
A 20 37 54 60 61 73 77 78 85 87 87 89 91 94 96
B 46 63 69 70 82 86 88 92 94 95 95 95 96 95 97
?? 33.0 50.0 61.5 65.0 71.5 79.5 82.5 85.0 89.5 91.0 91.0 92.0 93.5 94.5 96.5
17 7
A 22 39 55 63 63 74 79 78 84 87 86 91 93 95 99
B 48 63 70 70 81 87 88 92 94 95 94 95 96 96 97
?? 35.0 51.0 62.5 66.5 72.0 80.5 83.5 85.0 89.0 91.0 90.0 93.0 94.5 95.5 98.0
17 8
A 22 36 52 59 64 72 76 79 81 87 87 90 94 94 98
B 46 68 69 70 81 88 89 92 94 95 95 95 95 95 97
?? 34.0 52.0 60.5 64.5 72.5 80.0 82.5 85.5 87.5 91.0 91.0 92.5 94.5 94.5 97.5
17 9
A 27 37 51 60 65 73 77 80 83 89 89 93 95 95 99
B 45 64 69 69 79 87 89 92 94 95 95 95 95 95 97
?? 36.0 50.5 60.0 64.5 72.0 80.0 83.0 86.0 88.5 92.0 92.0 94.0 95.0 95.0 98.0
17 10
A 22 35 54 62 63 72 74 77 83 88 87 93 95 94 98
B 48 66 70 69 80 85 91 92 93 95 94 95 96 96 97
?? 35.0 50.5 62.0 65.5 71.5 78.5 82.5 84.5 88.0 91.5 90.5 94.0 95.5 95.0 97.5
17 11
A 22 36 56 59 65 75 76 79 83 88 86 91 94 95 99
B 44 66 71 70 80 87 91 92 94 94 94 95 96 95 97
?? 33.0 51.0 63.5 64.5 72.5 81.0 83.5 85.5 88.5 91.0 90.0 93.0 95.0 95.0 98.0
17 12
A 22 34 55 62 66 75 74 77 82 88 87 93 95 96 98
B 43 67 71 72 83 86 91 92 94 95 95 96 95 96 97
?? 32.5 50.5 63.0 67.0 74.5 80.5 82.5 84.5 88.0 91.5 91.0 94.5 95.0 96.0 97.5
17 13
A 23 34 53 59 65 74 75 77 83 87 87 93 95 97 97
B 42 63 69 70 81 86 92 92 94 94 94 95 95 96 97
?? 32.5 48.5 61.0 64.5 73.0 80.0 83.5 84.5 88.5 90.5 90.5 94.0 95.0 96.5 97.0
17 14
A 24 37 53 60 67 73 74 79 82 87 89 93 95 95 97
B 43 65 69 71 82 86 91 92 93 95 94 95 95 95 97
?? 33.5 51.0 61.0 65.5 74.5 79.5 82.5 85.5 87.5 91.0 91.5 94.0 95.0 95.0 97.0
17 15
A 23 34 52 61 66 71 74 78 81 87 87 91 92 95 96
B 44 62 69 72 81 86 92 92 94 95 94 95 95 95 97
?? 33.5 48.0 60.5 66.5 73.5 78.5 83.0 85.0 87.5 91.0 90.5 93.0 93.5 95.0 96.5
17 16
A 22 34 49 60 67 70 73 79 81 88 87 90 94 95 96
B 45 65 69 72 83 87 93 92 94 95 94 95 95 95 97
?? 33.5 49.5 59.0 66.0 75.0 78.5 83.0 85.5 87.5 91.5 90.5 92.5 94.5 95.0 96.5
17 17
A 21 32 51 51 60 65 68 76 79 86 85 89 94 93 94
B 42 62 69 70 82 84 88 91 92 95 94 94 94 94 97
?? 31.5 47.0 60.0 60.5 71.0 74.5 78.0 83.5 85.5 90.5 89.5 91.5 94.0 93.5 95.5
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? 4.10: ?????? B?????????????? OPCALDA?????????
?? (%) [56]
??????????????????????????????????????????
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
17 1
A 16 34 50 54 62 66 72 76 79 84 86 91 90 95 95
B 39 57 64 73 80 86 89 91 91 94 93 94 93 94 94
?? 27.5 45.5 57.0 63.5 71.0 76.0 80.5 83.5 85.0 89.0 89.5 92.5 91.5 94.5 94.5
17 2
A 21 32 49 57 64 69 73 76 78 86 84 91 92 95 97
B 43 63 69 75 81 85 89 91 90 93 95 96 94 95 96
?? 32.0 47.5 59.0 66.0 72.5 77.0 81.0 83.5 84.0 89.5 89.5 93.5 93.0 95.0 96.5
17 3
A 18 37 50 60 65 72 74 76 79 87 88 91 94 95 96
B 44 62 63 75 79 86 89 92 90 94 94 98 96 96 97
?? 31.0 49.5 56.5 67.5 72.0 79.0 81.5 84.0 84.5 90.5 91.0 94.5 95.0 95.5 96.5
17 4
A 19 37 50 61 64 72 76 78 79 86 88 92 94 95 96
B 42 62 62 77 78 85 88 90 90 94 94 96 95 97 97
?? 30.5 49.5 56.0 69.0 71.0 78.5 82.0 84.0 84.5 90.0 91.0 94.0 94.5 96.0 96.5
17 5
A 19 36 52 62 65 72 76 78 80 85 88 92 94 95 96
B 42 62 63 75 78 85 88 90 90 94 94 97 95 96 97
?? 30.5 49.0 57.5 68.5 71.5 78.5 82.0 84.0 85.0 89.5 91.0 94.5 94.5 95.5 96.5
17 6
A 19 34 51 63 64 73 75 81 80 86 87 92 94 95 97
B 43 60 62 75 78 85 88 90 90 94 94 96 95 97 97
?? 31.0 47.0 56.5 69.0 71.0 79.0 81.5 85.5 85.0 90.0 90.5 94.0 94.5 96.0 97.0
17 7
A 19 35 50 63 65 73 75 81 80 87 87 92 94 95 97
B 43 61 62 75 79 86 89 91 89 94 94 95 95 96 96
?? 31.0 48.0 56.0 69.0 72.0 79.5 82.0 86.0 84.5 90.5 90.5 93.5 94.5 95.5 96.5
17 8
A 18 34 50 62 62 70 76 81 80 86 87 92 94 95 97
B 44 61 61 75 79 86 89 90 89 94 93 95 94 96 96
?? 31.0 47.5 55.5 68.5 70.5 78.0 82.5 85.5 84.5 90.0 90.0 93.5 94.0 95.5 96.5
17 9
A 19 34 50 62 60 68 76 82 80 86 87 92 94 94 97
B 44 61 61 74 79 86 89 90 89 94 93 95 94 95 96
?? 31.5 47.5 55.5 68.0 69.5 77.0 82.5 86.0 84.5 90.0 90.0 93.5 94.0 94.5 96.5
17 10
A 19 34 50 61 60 67 76 82 80 86 87 92 94 94 97
B 44 62 61 74 80 87 89 91 89 93 93 95 93 94 96
?? 31.5 48.0 55.5 67.5 70.0 77.0 82.5 86.5 84.5 89.5 90.0 93.5 93.5 94.0 96.5
17 11
A 20 33 51 59 58 66 76 82 80 86 87 92 94 94 97
B 44 61 61 73 81 87 89 91 89 93 93 95 93 95 96
?? 32.0 47.0 56.0 66.0 69.5 76.5 82.5 86.5 84.5 89.5 90.0 93.5 93.5 94.5 96.5
17 12
A 19 33 51 60 57 65 76 81 80 86 88 92 94 94 97
B 44 61 61 73 81 87 90 91 89 93 93 95 93 95 96
?? 31.5 47.0 56.0 66.5 69.0 76.0 83.0 86.0 84.5 89.5 90.5 93.5 93.5 94.5 96.5
17 13
A 18 33 51 59 56 65 75 81 80 86 88 92 92 94 96
B 44 62 61 73 81 88 90 90 89 93 93 95 93 95 97
?? 31.0 47.5 56.0 66.0 68.5 76.5 82.5 85.5 84.5 89.5 90.5 93.5 92.5 94.5 96.5
17 14
A 18 33 50 58 56 65 76 80 81 86 87 92 92 94 96
B 44 62 61 73 81 88 91 90 89 93 93 94 93 95 97
?? 31.0 47.5 55.5 65.5 68.5 76.5 83.5 85.0 85.0 89.5 90.0 93.0 92.5 94.5 96.5
17 15
A 18 35 49 57 56 64 76 80 81 86 84 92 92 93 95
B 44 63 61 73 81 90 91 90 89 93 93 95 93 95 97
?? 31.0 49.0 55.0 65.0 68.5 77.0 83.5 85.0 85.0 89.5 88.5 93.5 92.5 94.0 96.0
17 16
A 18 35 49 56 56 64 76 79 80 86 84 91 92 93 95
B 44 63 62 73 81 90 91 90 90 93 93 94 93 95 97
?? 31.0 49.0 55.5 64.5 68.5 77.0 83.5 84.5 85.0 89.5 88.5 92.5 92.5 94.0 96.0
17 17
A 18 34 49 56 56 63 76 78 79 84 84 91 92 92 95
B 46 64 62 73 81 90 91 90 90 93 93 93 93 95 97
?? 32.0 49.0 55.5 64.5 68.5 76.5 83.5 84.0 84.5 88.5 88.5 92.0 92.5 93.5 96.0
76? 4??????????????????????? ERP-based BCI??????
? 4.11: ?????? B?????????????? OLDA???????????
(%) [56]
??????????????????????????????????????????
Nc Nb ???
Ns
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
17 1
A 3 4 2 4 4 5 8 9 11 9 8 14 11 12 15
B 0 4 4 1 0 1 0 1 4 0 2 2 3 3 3
?? 1.5 4.0 3.0 2.5 2.0 3.0 4.0 5.0 7.5 4.5 5.0 8.0 7.0 7.5 9.0
17 2
A 20 36 48 55 59 64 73 78 78 90 87 92 92 93 95
B 35 52 63 63 69 78 82 81 83 88 91 93 89 91 95
?? 27.5 44.0 55.5 59.0 64.0 71.0 77.5 79.5 80.5 89.0 89.0 92.5 90.5 92.0 95.0
17 3
A 24 39 53 54 62 67 75 77 81 87 88 92 95 95 97
B 43 65 67 74 78 85 87 87 88 94 94 94 93 93 94
?? 33.5 52.0 60.0 64.0 70.0 76.0 81.0 82.0 84.5 90.5 91.0 93.0 94.0 94.0 95.5
17 4
A 25 35 52 56 62 68 76 78 82 87 89 95 97 95 97
B 43 67 67 75 79 85 87 89 89 94 94 94 93 93 94
?? 34.0 51.0 59.5 65.5 70.5 76.5 81.5 83.5 85.5 90.5 91.5 94.5 95.0 94.0 95.5
17 5
A 25 33 51 55 62 69 76 77 81 87 89 96 96 95 97
B 43 68 70 75 79 84 87 89 89 94 95 94 94 95 93
?? 34.0 50.5 60.5 65.0 70.5 76.5 81.5 83.0 85.0 90.5 92.0 95.0 95.0 95.0 95.0
17 6
A 25 31 52 58 64 69 75 78 82 86 91 96 96 96 97
B 43 67 69 75 79 84 88 89 89 94 95 94 94 94 93
?? 34.0 49.0 60.5 66.5 71.5 76.5 81.5 83.5 85.5 90.0 93.0 95.0 95.0 95.0 95.0
17 7
A 25 31 51 58 62 69 75 78 82 86 91 96 97 96 97
B 41 67 70 73 79 85 88 90 89 94 95 94 94 94 93
?? 33.0 49.0 60.5 65.5 70.5 77.0 81.5 84.0 85.5 90.0 93.0 95.0 95.5 95.0 95.0
17 8
A 24 32 49 59 63 68 76 79 82 86 91 96 95 96 97
B 40 67 71 73 79 84 88 90 88 94 95 94 94 94 93
?? 32.0 49.5 60.0 66.0 71.0 76.0 82.0 84.5 85.0 90.0 93.0 95.0 94.5 95.0 95.0
17 9
A 26 34 49 60 63 67 76 79 81 85 91 96 95 96 97
B 41 66 71 73 79 85 87 90 88 93 95 94 94 93 93
?? 33.5 50.0 60.0 66.5 71.0 76.0 81.5 84.5 84.5 89.0 93.0 95.0 94.5 94.5 95.0
17 10
A 25 34 48 60 62 67 76 80 81 85 92 96 95 97 97
B 40 65 70 71 79 86 87 90 88 93 95 94 94 93 94
?? 32.5 49.5 59.0 65.5 70.5 76.5 81.5 85.0 84.5 89.0 93.5 95.0 94.5 95.0 95.5
17 11
A 24 33 48 60 61 65 77 80 81 86 92 96 96 96 96
B 40 65 69 71 79 86 87 90 88 93 94 94 94 93 95
?? 32.0 49.0 58.5 65.5 70.0 75.5 82.0 85.0 84.5 89.5 93.0 95.0 95.0 94.5 95.5
17 12
A 24 31 48 59 59 64 77 81 80 86 92 96 96 95 95
B 39 65 69 70 80 85 87 90 89 93 92 94 94 92 95
?? 31.5 48.0 58.5 64.5 69.5 74.5 82.0 85.5 84.5 89.5 92.0 95.0 95.0 93.5 95.0
17 13
A 25 31 48 58 58 64 77 80 80 86 91 96 96 95 95
B 39 65 69 69 80 85 87 89 88 93 92 94 94 93 95
?? 32.0 48.0 58.5 63.5 69.0 74.5 82.0 84.5 84.0 89.5 91.5 95.0 95.0 94.0 95.0
17 14
A 25 31 48 59 58 65 76 80 80 84 90 95 96 95 95
B 40 65 69 70 80 85 87 89 88 93 92 94 93 93 95
?? 32.5 48.0 58.5 64.5 69.0 75.0 81.5 84.5 84.0 88.5 91.0 94.5 94.5 94.0 95.0
17 15
A 22 31 47 59 59 65 76 80 80 84 89 94 96 95 95
B 40 65 70 69 80 85 87 89 88 93 92 94 93 92 95
?? 31.0 48.0 58.5 64.0 69.5 75.0 81.5 84.5 84.0 88.5 90.5 94.0 94.5 93.5 95.0
17 16
A 22 30 47 59 59 65 76 80 80 84 88 94 95 95 95
B 40 65 70 69 80 85 87 89 88 93 92 94 93 92 95
?? 31.0 47.5 58.5 64.0 69.5 75.0 81.5 84.5 84.0 88.5 90.0 94.0 94.0 93.5 95.0
17 17
A 22 30 46 59 58 65 76 80 80 83 88 93 95 95 95
B 40 65 70 69 80 85 87 89 88 93 92 94 93 92 95
?? 31.0 47.5 58.0 64.0 69.0 75.0 81.5 84.5 84.0 88.0 90.0 93.5 94.0 93.5 95.0
4.4 ?? 77
4.4 ??
???????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????? 1,000????
?????????????????????????900?????????????
????????????????????? ERP-based BCI????????????
?A???????????????????????????? B (BCI competition III
data set II)????????????????????? (SW)?????? (PCA)???
??????? 3?????? LDA?????? (OSWLDA?OPCALDA??OLDA)
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????
4.4.1 ???????????
??????????? 900????????????????????????? A
???????????OSWLDA? 900???????????????? (4.3.1)??
?? SWLDA???????????????????? SWLDA?????????
?????????????? 4.9?????? Nb = 4?Ns = 5??????????
(SWLDA)?? 4.8%???????????????????? SWLDA??????
?? 15%????????????????? B????????????? 4.10??
????????????900???????????????????OSWLDA??
OPCALDA??Nb = 3, 4????????????????? (4.3.3)????????
????????????????????????????????????????
????????????????
4.4.2 ?????????
???????????????????????????????????????
??????????????????????????? 4.6????????? A?
????????? Nb ?????????????????????????????
???????????????? 4.6(c)???OLDA???????????????
78? 4??????????????????????? ERP-based BCI??????
(a) OSWLDA (b) OPCALDA
(c) OLDA
? 4.9: ?????? A? 1/10?????????????????
?? (a) OSWLDA?(b) OPCALDA?(c) OLDA??????????? A? 1/10
??????????????? Ns = 5??????????????
????????????????????????????????????????
????????????????????????????????????????
??? OSWLDA?OPCALDA?? OLDA? Nb = 1???????????????
????????????????????????????????????????
???????????????????????????? B?????? 4.6?4.7?
4.8???????????????????????????????????????
??????? OLDA??Nb = 1??????????????????? OSWLDA
? OPCALDA?????????????????????????????????
????????????????????????????????????????
????????????????????????????????
4.4 ?? 79
(a) OSWLDA (b) OPCALDA
(c) OLDA
? 4.10: ?????? B???????????????????????
?? (a) OSWLDA?(b) OPCALDA?(c) OLDA??????????? B????
????????????????? Ns = 12??????????????
4.4.3 ??????????
8,000????????????????????????????????????
????????????????????????????????????????
????A?B???????????????????????????? A????
??????????????????????? B????????????? 3%?
???????????????????????? A? 9/10???????????
?????????????????????? 8,100???????????????
????????????????????????? 240?????????????
????????????????????????????????????????
???????????????????????????????? B? 15,300???
80? 4??????????????????????? ERP-based BCI??????
????????????????????????????????????????
????? 896??????????????????????? 3%????????
???????????
4.4.4 ????????????????????????????
???????????????????????????Nc?Nb?????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????Nb?Nc??? (Nb/Nc)? 0.8??
????????????????????????????????????????
?????????????????????????900??????????????
?????????????????????????????????????????
??????????????????????????????????OSWLDA?
OPCALDA??????????????????????????????????A
?? Nc = 5, Nb = 4??????? B?? Nc = 5, Nb = 3, 4????????????
???????????????Nb/Nc ≈ 0.8??????Nc?Nb?????????
??????????????
4.4.5 ?????????????
??????????Nc????????Nb???????????????????
????????????????????Nc???????????????????
SWLDA?????????????? [91]????????????????????
????????????????Nc???????????????????????
????????????????????????????????????Nc???
?????????????????????????????????????????
?????????????????????Nb??????????????????
?????????????Nc??????????????????????????
4.4.6 ????????????????????
???????? ERP-based BCI????????????????????????
????????????????????? 900??????????????????
4.4 ?? 81
?????? LDA????????????????????????????????
??????????????? LDA???????????????? 900????
??????????????????????
??????????????????????????????????? (5?10?
?)?????????? 4.6???????? Nb ???????? Ns ???????
???????????????????????????? 1???????????
???????????????3?7???????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????
ERP-based BCI????????????????????????????????
????????????????????????????????????????
???????????????????? BCI??????????????????
????????????????????????????????????????
????????????????????????????????????????
???????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
4.4.7 ???????????????????????????????
????????????????????????????? (??????????
? 180??)??????????????????????????????????
??????????????????????? (???????)?????????
???????????????????????? [96]??????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????? [78]??????????????????
????????????????????????????????????????
82? 4??????????????????????? ERP-based BCI??????
????????????????????????????????????????
????????????????????????????????????????
?? ERP-based BCI????????????????????????????LDA
????????????????????????????????????????
????????? ERP-based BCI?????????? ERP?????? ERP???
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????
4.4.8 ?????????????????????????????
???????????????????????????????????????
????????????????????? 3??????????????????
????????????
? 4.11(a)? OSWLDA??????????????????? 1??? 5????
????????????????????????????????????????
????????????? 4.11(b)?OPCALDA?????????????????
? 6??? 9??????????????????????????????????
?????????????? 4.11(c)???????????????? (OLDA)??
????????????????????????????????????????
???????????????? 4.6??????????????????????
?????????????????????????????????? 3??? 5?
????????????????????????????????????????
????????????
4.4 ?? 83
(a) OSWLDA
(b) OPCALDA
(c) OLDA
? 4.11: ???????????????
?????? A? 1/10????????????(a) OSWLDA?(b) OPCALDA?
(c) OLDA???????????????? (Nb)???????
84? 4??????????????????????? ERP-based BCI??????
4.4.9 ???????????????????????????????
??????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
OSWLDA????????????????????????????? (Nb)????
???????????????????
??????A???? 900????????????OSWLDA?????????
????????????????????????????????????????
?????????????????????????????????? (Nb)????
?????????? B???????????????? 4.12(a)???????? A
?????????????????????? Nb ????????????????
????????????????? Nb = 4???????????????????
???????????????????????????? 4.12(b)???????? B
????????A???????????????????????????????
???????????Nb = 4??????????????????????????
????????????????????????????????????????
???????????????????????????
4.4 ?? 85
(a)?????? A
(b)?????? B
? 4.12: ??????????????????????????????????
????????
?????????????????????????? (Nb)??????????
???????????????????????(a)???????A? 1/10??
??????????????????????????????????????
??????????????????????????????????????
?????????(b)??????? B???????????????????
??????????????????????????????? B????? 2
????????????????????
86? 4??????????????????????? ERP-based BCI??????
4.4.10 ??????????????????????????????
???
??????? OPCALDA??????????????????????????
??????????????A??? 140???????????? B??? 400??
????????????????????????????????????????
????????????????????????????????????????
???
???????????????????????? A?B????????????
?????? 4.13?????????? A??????????? 4.13(a)??????
??????????????????????? Nb ???????????????
????????????????? 140????? Nb ??????????????
?????????? 120??130?????? Nb = 4?????Nb????????
??????????? 4.13(b)??????? B?????????????????
?????????????????????? Nb ????????????????
????????????????????????????????????????
????????????????????
? 4.12???????????????????? 4.13?????????????
????????????????????????????????????????
????????????????????????????????????????
???????? 4.13??????????????????? Nb?????????
??????? 4.12????????????????????????? Nb????
??????? Nb ???????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????
???????????????????????????????????????
??????????????????????? 4.14(a)???????A??????
???????????????????????????? 140??????????
?? 98%????????????????? 140?????????????????
??? 120??130???????????????????????????????
???? 4.14(b)??????? B???? A???????????????????
4.4 ?? 87
? 200???????????? 100%?????????????? 4.13(b)?? Nb?
????????????????????????????????????????
???????????????????????????? 4.14(a)?? 4.13(a)???
?????????? 98%?????????????????????98%?????
??????????????????????? 200???????????????
???????????? 4.14(b)?? 4.13(b)???????????????????
????????????????????? 4.13?????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
88? 4??????????????????????? ERP-based BCI??????
(a)?????? A
(b)?????? B
? 4.13: ?????????????????
OPCALDA????????????????????(a)??????A?(b)??
???? B??????????? 900???????????????????
????? 1?????????????????????????
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(a)?????? A
(b)?????? B
? 4.14: ???????????????
OPCALDA????????????????????(a)??????A????
1?1/10???????????????????(b)?????? B???? A?
?????????????????????????
90? 4??????????????????????? ERP-based BCI??????
4.4.11 ??????????????????????????????
????????
OSWLDA??????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??? 4.15?????OSWLDA?????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? LDA???????????????????????
????????????????????????????????????????
??????????????????????????OSWLDA?????????
?????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????
OSWLDA??????????????????????????????????
????????????????????????????????????????
?????????????????????????????????? 4.16????
????? Nb = 4??Nb = 5??????????????????????????
????????????????????????????????????????
A?1/10??????????????
???????????????????????????????????????
?????????? 4.17?????????????? Nb = 4??Nb = 5?????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????
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? 4.15: OSWLDA?????????????????????????????
???????
??OSWLDA?????????????????????? (OP)??????
??? (SW)??????????????? P????????????????
????? SW?? P????????????????????????????
???????????? SW?LDA?????????????????????
??????? OP? SW?????????
92? 4??????????????????????? ERP-based BCI??????
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? 4.16: ???????? (SW)???? OSWLDA?????
???? OSWLDA????????????????????????????
??? (SW)??????????? SW???????????????????
(OP)???????????????????
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? 4.17: ???????? (SW)???? OSWLDA?????
SW???? OSWLDA??????????Nb = 4??Nb = 5????????
Nb = 5??????? SWLDA???????
94? 4??????????????????????? ERP-based BCI??????
???????????????????????????????????????
?????????????????????????????? 2?????????
???
• ??????????????????????????????????????
??????????????????????????????????????
??????? LDA???????????
• ??????????????????????????????????????
??????????????????????????????????????
??????????????????? LDA????????
??????????????? 4.18??? LDA???????OSWLDA??? 4.15
?????????????????????????????????????? LDA
???????????????????????????? LDA?????????
????????????????????????????????????????
???????????????? LDA??????????????????????
??????????
?????? 4.19??????????????????????LDA??????
?OSWLDA??????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????? LDA?????????
?????????????????????? LDA????????????
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? 4.18: LDA??????? OSWLDA
LDA???????OSWLDA????????????????????? (OP)
?????????????? (P1?P5)???????????? (SW)?????
???????????? SW????????? LDA???????SW??OP
?????????????????????? SW??????????? LDA
? OP??????????
96? 4??????????????????????? ERP-based BCI??????
? 4.19: LDA??????? OSWLDA?????????
????????A? 1/10????????????LDA???????OSWLDA
???????? OSWLDA????? Nb = 4????????????
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4.4.12 ??
?????????????????? LDA??????????????????
?????????????? LDA[84]??????? LDA[74]? LDA??????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????? 5????????? 3????????????????
??????????????? 10?????????? 10????????????
????????????????????????????????????????
????????????????????????????????????????
?????? ERP-based BCI?????????????????
???????????????????????????????????? ERP-
based BCI????????????????????? ERD/ERS-based BCI?????
???????????? [101]??????????????????????????
???????????????????????????????? [102]? fMRI??
???? [103]?????????????????????????????????
????????????????????????????????????
4.5 ???
???? ERP-based BCI????????????????????????????
????????????????????????????????????????
? 900?????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????? 900????????????????????????????
???? PCA??????????????????????????????????
??????????????? 8,100???15,300????????????????
????????????????????????????????????????
98? 4??????????????????????? ERP-based BCI??????
??????????????? 900??????????8,100??????????
????????????????????????????????????????
?????????
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?5? ??
??????????????? BCI????? ERP-based BCI??????????
?????????????????????????? (900??)?????????
????????????????????????????????????????
?????????????? 15,300???????????????????????
????????????????????????????????????????
?????????????? (900??)?????????????????????
??????????????????????????????? (900??)????
????? (8,100????)???????????????????????????
??????????????????????????? ERP-based BCI??????
?????????????????????????????????????????
????????????????????????????????????????
????? (Nb)?????? 3??????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????? ERP-based BCI
???????????????????????????????????ERP-based
BCI???????????????????????????? (900??)?????
????????????????????????????????????????
????????????????????????????????????????
???????????????????
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